During early stages of speciation, genome divergence is greatly influenced by gene flow. 36 As populations diverge, geography can allow or restrict gene flow in the form of barriers. 37 Current geography, e.g. whether sister species are allopatric or parapatric, is often used to predict 38 the potential for gene flow during the divergence process. We test the validity of this assumption 39 in eight meliphagoid bird species codistributed across four regions. These regions are separated 40 by known biogeographic barriers within and between northern Australia and Papua New Guinea. 41 We find that bird populations across the same barrier have a range of divergence levels and 42 probability of gene flow regardless of range connectivity. Geographic distance and maximum 43 range connectivity over time can better predict divergence and probability of gene flow than 44 whether populations are currently allopatric or parapatric. We also find support for a nonlinear 45 decrease of the probability of gene flow during the divergence process. This implies that 46 although gene flow influences divergence early in speciation, other factors associated with 47 higher divergence restrict gene flow later in speciation. Current geography may then mislead 48 inferences regarding potential for gene flow during speciation under a complex and dynamic 49 history of geographic and reproductive isolation. 50 Background 51 Gene flow, selection, and genetic drift shape divergence during speciation, while 52 geography sets the stage on which these forces act [1-3]. The geographic mode of speciation is 53 defined by the extent of spatial isolation during early stages of divergence. Population pairs can 54 have disjoint (allopatric), completely overlapping (sympatric), or separate yet partially adjoining 55 (parapatric) ranges [4]. This geographic context predicts potential gene flow between 56 populations. Variation in levels of gene flow affects genetic differentiation, in turn affecting the 57 3 strength of selection and drift that is necessary to drive population divergence. Alternatively, 58 under a purely population genetic framework the geographic mode of speciation is defined by 59 levels of gene flow; "allopatry" when the proportion of the population which are migrants (m) 60 equals zero, "sympatry" when m = 0.5, and "parapatry" when 0 < m < 0.5 per generation [5]. 61 Although geographic and genetic definitions are often assumed to correspond, this is not 62 always the case in nature [6]. Current range distributions between sister species are often used to 63 infer their geographic mode of speciation, although the dynamic nature of species ranges through 64 evolutionary time can lead to unreliable predictions of gene flow [7]. Range fluctuations during 65 the Pleistocene's climatic cycling resulted in multiple periods of connectivity and discontinuity 66 before resulting in the distribution we see today [8]. In order to understand how gene flow has 67 influenced divergence during speciation, we must first understand how the geographic history 68 could have shaped the potential for gene flow through time. The discrepancy between the spatial 69 and population genetic definitions of the geographic mode begs the question: does current 70 geography adequately predict realized gene flow and, consequently, divergence during early 71 stages of speciation? 72 Although geographic connectivity would allow for gene flow early in speciation, later in 73 the proces geographic connectivity can be insufficient for gene flow as populations diverge and 74 become reproductively isolated. Populations further along in the speciation process would have 75 reduced realized gene flow due to intrinsic incompatibilities or extrinsic selection [9]. Especially 76 in birds, prezygotic isolation from sexual selection on song or plumage could influence gene 77 flow in later stages of speciation. There has been growing support for the "snowball" model of 78 accumulating incompatibility loci, initially proposed by Orr [10]. Qualitatively, this model and 79 those derived from it specify a nonlinear accumulation of incompatibility loci resulting in a short 80 4 speciation duration [11]. The "snowballing" has also been modeled under scenarios with 81 moderate to no gene flow (parapatry to allopatry) meaning different geographic modes may yield 82 a similar short duration of speciation, varying only in how long it takes for speciation to initiate 83 [12-16]. This rapid accumulation of isolation has also been proposed under models of divergent 84 selection in speciation-with-gene flow and under neutral models [17-20]. Though the underlying 85 assumptions of these theories may differ, the trajectory converges to a rapid transition, 86 'snowballing', or 'tipping point' during speciation (simply referred to 'snowballing' from this 87 point forward). There is increasing empirical support for this pattern from studies of individual 88 systems [21-23] and a taxonomically broad meta-analysis [24]. More broad, comparative studies 89 across multiple systems would help elucidate this trajectory to speciation. 90 Further studies of population divergence in various geographic contexts could further 91 clarify the role of gene flow, selection and genome architecture in influencing the landscape of 92 divergence [9,20,25,26]. During speciation, local genomic variation in mutation and 93 recombination rates influence the rate at which regions diverge [25,27,28]. The geographic mode 94 of speciation could influence this landscape of divergence. Theory predicts that populations 95 diverging in parapatry should have a skewed distribution of divergence across the genome with a 96 few loci resistant to gene flow due to selection while the rest are free to move between 97 populations [29]. Populations diverging in allopatry, on the other hand, are predicted to lack this 98
the DNA using the restriction enzymes PstI and EcoRI and size-selected 345 -407bp. 140 Approximately ten indexed individuals in ten pools were sequenced on a NextSeq500 for 150bp, 141 single-read, mid-output and the rest were sequenced on another NextSeq500 lane with similar 142 specification except with high-output. A more detailed description of lab methods is available in 143 the electronic supplementary material. 144 Data processing and analyses 145 For each species we generated a reference set of RAD loci via the pyrad pipeline [45] . 146 We used individuals from a different species to serve as an outgroup to polarize the SNPs in 147 downstream analyses. Only RAD loci which have associated outgroup sequences were retained 148 for the reference (electronic supplementary material, table S2). The resulting set of sequences 149 7 were used as a reference for further processing. Individual reads were then mapped onto this 150 reference set using Bowtie2 (v. 2.2.2) [46] . In order to recover larger numbers of loci and avoid 151 biases from filtering for loci with higher coverage, the mapped reads were further processed 152 using ngsTools and ANGSD to incorporate genotype likelihood information for the various 153 population genetic measures (v. 0.911; http://www.popgen.dk/angsd) [47] . 154 Population structure 155 It has been demonstrated that more loci, even of lower coverage, yields more accurate 156 estimates of population genetic statistics compared to fewer loci of higher coverage when using 157 genotype likelihoods [48] .We used ANGSD to further filter for SNPs to be used for downstream 158 analyses (electronic supplementary material, table S3; see electronic supplementary material for 159 detailed ANGSD commands). We used a minimum coverage cut-off of 2X and a maximum cut- loci fell under. To determine population structure, we randomly chose a single SNP per RAD 164 locus and reran ANGSD only for that set. We then used used ngsDist [49] to generate a distance 165 matrix which we used for a principal coordinates analysis (PCoA) using 'cmdscale' from base R 166 (v3.2.2) and a population network using SplitsTree (figure 1, electronic supplementary material 167 figure S1) [50] . 168 
Population divergence statistics 169
To calculate the various population divergence statistics (F ST , D XY , and D A ) we used the 170 software within the ngsTools package. These statistics were used as they provide both relative 171 and absolute measures of genetic divergence and can be compared to previous studies [24, 30, 31] . Estimating the likelihood of migration 185 We used an approximate Bayesian computation (ABC) model selection to estimate the 186 likelihood of migration (i.e. how strong the evidence is for some gene flow during the divergence 187 process) between each population pair . The ABC analyses and models followed that of Roux et 188 al. but using the unfolded 2DSFS as a summary statistic instead of the various population genetic 189 statistics used in their study [24] . We tested the models of isolation-with-migration (IM), hybridizing populations. Models of SI preceding IM (secondary contact) and IM preceding SI 196 were excluded as they are typically difficult to distinguish from IM models [24] . We then used 197 the R package abc v. 2.1 and calculated the likelihood of each model using a neural network with 198 50 trained and 6 hidden networks [56] . We ran the abc analyses five times and used the average 199 model support of the replicates for further analyses. As in Roux et al., we used the sum of the 200 support for models containing a migration parameter as our probability for migration [24] .
201
Additional details of the analyses can be found in the supplementary material. Speciation model fitting 210 We fit our divergence versus probability of migration distribution to test support for 211 various theoretical trajectories of parapatric speciation presented by Yamaguchi and Iwasa [15] .
212
The models include (1) 'threshold': where full incompatibility is reached after a certain 213 divergence level, (2) 'constant' rate of divergence increase, (3) 'accelerated' where increase in 214 divergence is small until a certain divergence threshold is reached and increase is accelerated, (4) 215 'decelerated' increase where divergence accumulates quickly but slows down as it approaches 216 full incompatibility, and (5) 'sigmoid' where the rate of increase starts slow but accelerates after 217 a certain threshold before decelerating again prior to reaching complete incompatibility 218 suggesting a snowballing during the speciation process (electronic supplementary material, table 219 S4, figure S2 ). Our global F ST parallels the 'incompatibility genetic distance' of Yamaguchi and S6). Lastly, we selected a single coordinate (midpoint of the range) for each of the four 240 populations and calculated the geographic distance between those points to account for isolation-241 by-distance. Between population pairs, we also calculated the least cost path using the R package 242 gdistance (v. 1.1-9) based on modeled suitability [58] in the current range, mid-Holocene, and 243 LGM predictions. For each population pair, we chose the minimum resistance path between all 244 three time points to quantify the highest opportunity for migration through time. Habitat 245 resistance values can be found in the electronic supplementary material table S7 and species 246 distribution predictions can be found in figure S3 . figure S7 ). Plots for the Z chromosome, D XY , and ND2 343 against probability of migration can be found in the electronic supplementary material, figure S8.
344
Our system provides additional empirical support for a snowballing pattern in speciation. Our comparative study of divergence of bird populations through the speciation process 441 highlights the dynamics of geographic history and their influence on divergence. Further, it 442 provides additional support for a snowballing pattern in speciation, and it characterizes broad 443 patterns of genomic divergence through time. The divergence that we discuss in this paper is 444 presumed to be neutral and therefore would benefit from a replicate study looking at divergence 445 in coding regions to observe whether different marker types have different trajectories in the 
